ABSTRACT: Conductive polymer poly (3,4-ethylenedioxythiophene Another important conductive polymer, poly (3,4-ethyl-56 
opens PEDOT nanoparticle clusters in PEDOT/PSS films. Our microstructural and electrical studies show that the change in 23 spatial arrangement and interaction of small PEDOT domains plays a considerable role in the final electron transport. 24 
■ INTRODUCTION
25 Conductive polymers attract significant interest because of their 26 facile tunability in electrical properties and processability, which 27 make them popular for the next generation of flexible 28 electronics. 1−11 In conductive polymers, highly anisotropic 29 molecules have high conductivity along their backbone chains, 30 moderate conductivity between chains and low conductivity 31 between widely spaced lamellar planes. 12,13 Carrier trapping 32 normally results from structural disorder or amorphous grain 33 boundaries between crystallites. A simple macroscopic electrical 34 measurement cannot sufficiently clarify the complex transport 35 mechanism between crystalline grains. However, analytical 36 electron microscopy (AEM) can directly image the spatial 37 arrangement of ordered and disordered phases in conductive 38 polymers.
39
Previous studies report direct observation of the micro-40 structure of conductive polymer nanofilms under transmission 41 electron microscopy (TEM).
5,13−17 Takacs et al. found a high 107 was spin-coated with a 10 μm AZ9210 photoresist film at a 108 speed of 2400 rpm and baked at 110°C for 180 s; (2) this 109 photoresist was treated in an O 2 plasma cleaner to improve its 110 hydrophilicity; (3) a dispersion of PEDOT/PSS was spin-111 coated on the AZ9210-coated wafer at 5000 rpm and air-dried; 112 (4) samples were cut into small squares (3 × 3 mm 2 ) and 113 immersed in an acetone bath, next 200-mesh holey-carbon 114 copper grids (Pacific Grid Tech) were used to catch the 115 PEDOT/PSS nanofilms that float off from the wafers; and (5) 116 samples were then separated into three groups: the first group 117 was dried in ambient air (21°C, RH at 65%), the second group 118 was annealed at 120°C for 15 min and the third group was 119 immersed in EG for 2 h followed by annealing at 150°C in air 120 for 15 min to remove EG before observation. 121 We used quartz wafers to prepare uniform spin-coated 122 PEDOT/PSS nanofilms for AFM imaging. Wafers (2.5 × 2.5 123 cm 2 ) were placed for 1 min in an oxygen plasma cleaner for 124 oxidation at 200 mTorr oxygen gas and 40 W. This process 125 helped to remove any dust, improved the wettability of the 126 quartz wafers, and finally enhanced the uniformity of the 127 nanofilm. Spin-coating of PEDOT/PSS nanofilms was 128 performed on treated quartz wafer at a speed of 5000 rpm/ 129 min for 60 s. These films were subsequently annealed on a hot 130 255 inset in Figure 1a shows the SAED patterns of the annealed 256 PEDOT/PSS nanofilm, reveals an amorphous, randomly 257 oriented polycrystalline.
258
Next, using HAADF-STEM analysis we obtained high-259 resolution images of the samples by enhancing the Z-contrast of 260 the film. The average diameter of separated grains with arbitrary 261 shapes measured from Figure 1 , parts c and d, was 48 ± 10 nm, 262 slightly larger than that measured from the BF-TEM image 263 (Figure 1 , parts a and b). In a previous study, the reason behind 264 this diameter difference is discussed in detail. 24 The intensity 265 distribution of the marked area in Figure 1d confirmed that the 266 grains are in a core−shell structure (Figure 1e) . A relatively 267 lower intensity at the border compared to that at the center 268 allowed us to determine an average shell thickness of 7 ± 2 nm. 269 Note that the black regions (10−100 nm) between the 270 separated grains occupy nearly 40% of the area (estimated from 271 Figure 1d ). To get a deeper understanding of the chemical 272 structure on the PEDOT/PSS nanofilm, EELS analysis was 273 performed on the dark (A), the shell (B), and the core (C) 274 regions to represent different locations of the PEDOT/PSS 275 nanofilms, as marked in Figure 1d . Figure 1f shows that the π* 276 excitation of the unsaturated CC bond was located at 286.0 277 eV for both the dark (A) and shell (B) region, but shifted to 278 287.6 eV for the core region (C). Despite that the π* peak is 279 associated with sp2 carbon in all cases, the CC bond 280 environment is different in PSS (CC−C) and PEDOT (C 281 C−O). This shift reveals that sp2 in the core region originates 282 more from PEDOT than PSS and clearly identifies the dark 283 region as mainly PSS segments. Results were verified by 284 performing graphite bonding (sp 2 ) quantification at different 285 locations. The quantification was based on the fact that the low-286 loss and K-edge spectra of sp 3 carbon and sp 2 carbon differ 287 substantially, enabling us to use EELS to quantify the relative 288 sp 3 (diamond-like) and sp 2 (graphitic) bonding. 30 The fraction 289 of graphitic bonding (R) is determined by 291 where I k (π * ) is the K-shell intensity in the π * peak and I k (Δ) 292 represents K-loss intensity intergrated over an energy range Δ 293 (50 eV) starting at the threshold. The ratio of low-loss and 294 zero-loss intensities I 1 (Δ)/I 0 corrects for plural scattering 295 present in I k (Δ) . Thus, the fraction of graphitic bonding (sp 2 ) 296 is evaluated as
298 where R g is the value of R measured from the spectrum 299 recorded from graphitized carbon under the same TEM 300 conditions and found out to be 0.40. From these equations, 301 the fractions of graphitic bonding (R) are determined to be 302 22%, 27%, and 42% for the dark region, the shell and the core, 303 respectively. This confirms that the core is a PEDOT-rich area 304 compared with the surroundings, which are mainly rich in PSS.
305
An experiment was also performed in a cryo state under the 306 HAADF-STEM mode to reduce background intensity, 24 which 307 can reduce observation noise and improve resolution for 368 In this equation, λ is in nm, β = 10 mrad, and E 0 is the 369 accelerating voltage of 300 kV; F is a relativistic factor (0.512 370 for E 0 = 300 keV) defined by
(1 /511 keV) 0 0 2 371 (7) 372 E m is defined by from 56.7 to 34.0 nm and from 52.9 to 32.1 nm for P film and (e.g., polyacetylene, in which the fibrillar morphology is due to 415 an oriented arrangement of particles of about 10 nm). 34 Here, 416 we found that removal of PSS results in a reduction of particle Figure S6 also presents the WAXS pattern of EG-P 457 and EG-PH1000 films showing a higher intensity from π−π 458 stacking. It is worth noting that after EG dedoping, the π−π 459 stacking peak of pristine P and PH1000 films shifts from q z = 460 17.8 and 17.9 nm −1 to q z = 18.0 and 18.4 nm −1 , respectively. 461 The above peak shifts correspond to a reduction in the π−π 462 stacking distances from 3.52 and 3.51 to 3.49 and 3.41 Å, 463 respectively. The shorter distance indicates stronger π−π 464 interactions between adjacent PEDOT nanocrystals, facilitating 465 electron transport in these directions. After EG dedoping, 466 intensity of the scattering peak at q z = 5.1 nm −1 increased and 467 the peak became more obvious. Specifically, the peak at q z = 5.1 468 and 5.2 nm −1 for P and PH1000 films shifted to q z = 6.0 and 6.2 469 nm −1 after EG dedoping. These results suggest that EG 470 treatment increases the order of PEDOT nanocrystals and that 471 these crystals should form a layered structure. Because of the 472 ultrathin thickness (40−60 nm) and isotropic morphology of 473 conductive polymer nanofilms in the plane, the diffraction 474 intensity is smeared, as show in inset of Figure S6 . This makes 475 the direct identification of diffraction peaks difficult and from 476 that we cannot observe a clear out-of-plane π−π stacking 477 though it is possible to see them after integration. 22,39 However, 478 the (100) out-of-plane diffraction of lamellar packing strongly 479 indicates the edge-on orientation of molecules on the substrate.
480
Normal WAXS ( Figure S7 and 
